As the proportion of sapwood (SW) transformed into heartwood (HW) is irregular both radially and longitudinally in trunks of Maritime pine (Pinus pinaster Ait.), it has been suggested that HW formation is a developmental process, regulated internally within the tree. In trees where stem growth is eccentric due to stem lean or wind action, the number of annual growth rings of SW transformed into HW is greater on the compressed side of the tree. To determine the contribution to bending stiness, if any, of this prematurely formed HW, four point bending tests were carried out on fresh HW and SW samples taken from the same growth ring, or neighbouring growth rings, at dierent cross-sectional positions at a height of 2 m from six 52-year-old Maritime pines. The mean (+s.e.) modulus of elasticity (E) was 7 . 6 + 0 . 3 GPa (longitudinal direction) for all samples. No signi®cant dierences in E were found between HW and SW; thus HW does not play a signi®cant mechanical role in bending stiness. To test a second hypothesis that early HW formation on the compressed side of trees may maintain a constant, optimal volume of SW around the tree, the Pipe Model Theory was applied to 12 52-year-old leaning Maritime pines (angle of lean varied from 0±228). The surface area (S) of the SW was determined at dierent heights up the trunk and correlated with crown surface area (S crown ). Regressions between S SW and S crown were highly signi®cant, thereby supporting the theory that HW formation and extension is controlled internally in Maritime pine. HW formation in Maritime pine then serves to maintain an optimal proportion of functional SW which is an important criterion for survival in a species often subjected to severe drought for long periods.
INTRODUCTION
Maritime pine (Pinus pinaster Ait.) is a fast-growing, drought-and salt-resistant species found in large plantations mainly in the south-west of France, Spain, Portugal and North Africa. Although economically important for the wood and paper industry, and much studied since the 1960s (Polge and Illy, 1967; Keller and Mosnier, 1987; MaugeÂ , 1987; CasteÁ ra, 1999) , Maritime pine suers from serious form defects. Many trees possess leaning trunks, often due to an incident in the tree's life e.g. a storm which dislodged the tree when young. Most adult stems have highly developed eccentric growth on the leeward side of the trunk, along with large amounts of compression wood (Fourcaud, 1999) . Recently, heartwood (HW) distribution in Maritime pine has been investigated with regards to wood technological properties, as the quantity of HW determines the quality of a log. HW is the non-functional wood at the centre of the trunk; it usually forms once a tree reaches a certain age which can depend on the species and local conditions (Hillis, 1987) . HW is generally more durable and resistant to pathogens than sapwood (SW). Two hypotheses as to the mechanism of HW formation have been proposed; (1) Ziegler (1968) suggested that HW formation is simply due to cell death as the SW ages; and (2) Bamber (1976) , hypothesized that the process is active and is triggered by an unknown signal within the tree. HW usually forms in the oldest part of the tree ®rst, i.e. at the base, and also forms in branches, but not in roots. Most trees possess a regular HW with a periphery that is similar in shape to the outside of the stem; however, in certain species, HW can have an undulating outline which does not correspond to the growth rings (Hillis, 1987) . In Maritime pine, the distribution of HW within a trunk has been found to be unusual, both longitudinally and radially (Kokutse et al., 1999; . Less heartwood was found at the base of the trunk than further up the trunk at heights of 2 . 5 m and even 5 . 0 m. Within a cross-section, an even more surprising distribution was found as HW was not limited to a speci®c number of growth rings but bulged across the SW on the leeward side of the tree. In extreme cases, up to 40 annual growth rings had been transformed into HW on the leeward side of the tree, compared to only ten on the windward side. This irregularity was highly correlated with stem eccentricity, but the reason for such eccentric HW formation is not known, nor is the mechanism by which it occurs.
Several hypotheses were postulated by regarding the phenomenon of eccentric HW formation, two of which will be presented in this paper.
The ®rst theory concerns the mechanical function of HW. Although HW is harder than SW, and thus resistant to pathogen and insect attack (Hillis, 1987) , this does not necessarily mean that it contributes to bending stiness in a leaning or wind blown tree. In order for a tree to bene®t from a change in HW mechanical properties, HW would need a much higher modulus of elasticity than SW. The modulus of elasticity (E) is a measure of the elasticity of a material, and to calculate the¯exural stiness of the tree trunk, i.e. the measure of the ability of an object to resist bending, E would need to be multiplied by the second moment of area (I). Niklas (1997a,b) found that E was slightly greater in heartwood than sapwood in Black locust (Robinia pseudoacacia); however, sapwood was the principal contributor to EI as it was located further from the stem centre. Sapwood therefore contributes a disproportionately higher second moment of area than does heartwood in the same crosssection. Mencuccini et al. (1997) also found that in Pinus sylvestris, even when heartwood accounted for more than 80 % of the total diameter, it only contributed about 50 % to whole section¯exural stiness. This low contribution of heartwood was also attributed to the fact that it lies very close to the neutral axis of the tree and is largely made up of juvenile wood, which has lower elastic properties than normal wood (Dumail, 1999) . If irregular HW was to increase bending stiness in Maritime pine, it would need to have a much greater E than that of the SW, a theory which will be examined in this paper.
A second hypothesis put forward by , concerning irregular HW formation in Maritime pine, was that it was due to a developmental process, regulated by the tree, to ensure an optimal amount of SW around the trunk. One way to test this theory would be to correlate the surface area of SW with that of the crown foliage, by applying the Pipe Model Theory. The Pipe Model Theory developed by Shinozaki et al. (1964a,b) has been used by many authors to estimate foliage biomass and sapwood production in both temperate (Waring et al., 1982; Marchand, 1983; Whitehead et al., 1984) and tropical species (Morataya et al., 1999) . The Pipe Model Theory states that there is a signi®cant relationship between the surface area of SW and that of the foliage above it. This relationship has been veri®ed for many species, in many dierent habitats and stand types, as well as in dierent age classes. It is therefore hypothesized that the surface area of the SW is maintained at an optimum for tree functioning: if foliage is less due to e.g. high stand density, heartwood will be formed at a faster rate to avoid the production of superuous SW. As yet, the signal for this process is not known, nor is it known if the production of irregular HW in trees with pronounced stem eccentricity could be the result of such a function.
The aim of this study was to test two of the hypotheses put forward by concerning the formation of irregular HW in Maritime pine. Mechanical properties of both HW and SW will be measured to determine if HW serves a mechanical function. Secondly, the Pipe Model Theory will be applied to a selection of straight and leaning trees of Maritime pine to test the hypothesis that irregular HW formation allows the tree to maintain an optimal surface area of SW, which is correlated with the surface area of foliage in the crown.
MATERIALS AND METHODS

Study site and experimental layout
Maritime pine trees growing in a plantation in the ForeÃ t de l'Hermitage, Gironde, south-west France (08 46 H E, 448 44 H N, 58 m a.s.l., 45 km from the Atlantic Ocean) were examined to establish whether heartwood (HW) formation serves a mechanical role, or is due to a developmental process aimed at optimizing the proportion of functional sapwood (SW). The plantation was subjected to prevailing winds from the north-west (3008). The mean windspeed in the region is 3 . 3 ms À1 , with maximum speeds reaching over 35 . 0 ms À1 (MeÂ teÂ o-France). Trees were planted in 1947 at dierent densities, with dierent nutrient regimes (Lemoine and Sartoulou, 1976) . Information on the genetic background of these trees is not available. A random selection of 12 trees was made; density and genetic background were not taken into consideration. Twisted and curved trees were excluded from the analysis due to the diculty in interpreting data from such trees. Mean diameter at breast height (DBH) of all the trees was 37 . 4 + 2 . 43 cm and mean height 29 . 3 + 1 . 5 m (Table 1) .
Sampling procedure for measuring the surface area of heartwood and sapwood Stem lean between 0 and 4 m was measured using the technique described by . The azimuth towards which the tree was oriented was also measured. Trees were then felled and cross-sections (CSs) taken every 10 cm to DBH. Above DBH, CSs were taken every 2 m. HW formation is known to be highly irregular at the base of the tree (Keller and Mosnier, 1987; , and as a detailed analysis of the evolution of HW along the length of the trunk was desired, CSs were more frequent between the base and DBH.
Cross-sections were sanded to determine the number of annual growth rings correctly. HW was easily distinguished from SW due to its darker colour. HW distribution in the cross-section was determined by counting the number of annual growth rings which had been transformed into HW and measuring the distance between the pith and the outer HW and SW boundaries along the longest axis and also those perpendicular to the longest axis ( Fig. 1A) . Therefore, distance of HW and SW boundaries from the pith was measured along four axes ( Fig. 1A) . Eccentricity of the whole cross-section was calculated using the method described in . Extension of HW, or`bulging' of HW into a zone of SW was described using:
where D is the extension of heartwood into sapwood zone, n is the dierence between the number of growth rings on the compressed side of the trunk (zone where there is more secondary growth) and the opposite side of the trunk and t is the total number of growth rings. The surface area of HW and SW was calculated for each CS using the quadratic mean of the four axes measured (PardeÂ and Bouchon, 1988):
where S t is the total surface area of the cross-section, S HW is the surface area of the heartwood, S SW is the surface area of the sapwood, R is the distance from the pith to the bark along one axis and r is the distance from the pith to the heartwood boundary along one axis. Dierences in proportions of HW and SW from dierent regions around the trunk were determined using analysis of variance. All values are means + s.e.
Sampling procedure for measuring surface area of the crown
To determine the crown area of each tree, and thus test the Pipe Model (Shinozaki et al., 1964a,b) for trees with irregular HW formation, the following method developed by Waring et al. (1982) was used. After each tree was felled, needle-bearing twigs were separated from branches. Fresh biomass for both twigs plus needles and branches was measured. Twenty needle-bearing branches were chosen randomly from the crown for a more detailed analysis of surface area. These branches were stored in a cold room at 48C for a maximum of 6 d before being studied further. Twenty needles were removed randomly from the twigs and weighed. The surface area of each of these needles was measured using image analysis software (WinNeedle#, Regent Guay Instruments, Canada). To calculate total crown surface area [eqn (6)], the surface area of each needle measured by WinNeedle was adjusted, as the needle is a half cylinder. Projected needle area was not used as the surface area data were to be correlated with SW area. Needle surface area was thus calculated using:
where S needle is the calculated needle surface area and S measured is the needle surface area measured by WinNeedle. The needles remaining on each twig were also removed and weighed, along with the twig minus needles.
The surface area of the crown was estimated using fresh biomass data, the relationship between fresh and dry weight of each needle and its surface area, as well as the fresh and dry weight of the selection of twigs (Waring et al., 1982) :
where S crown is the total crown surface area, f crown is the total crown fresh weight, f needles af twigs is the relationship between needle fresh weight and twig fresh weight, d 20needles af 20needles is the relationship between fresh and dry weight of 20 needles and S 20needles ad 20needles is the relationship between surface area and dry weight of 20 needles.
Mechanical tests
Wood from six of the trees to be used for analysis in the second series of tests was used for mechanical testing. Samples of wood were cut longitudinally from logs stored at 48C within 1 week of felling the trees. Each sample was 1 cm wide Â 1 cm deep Â 30 cm long. Samples were taken at dierent positions around the cross-section, with samples of HW and SW from above and below the lean, as well as perpendicular to the direction of lean/wind (Fig. 1B) . Where possible, HW and SW samples were taken from the same growth rings, or from neighbouring rings (Fig. 1B) . Three samples of both HW and SW were taken from each of the three regions of the CS, thus a total of 108 samples were measured.
Four point bending tests were carried out on wood samples immediately after they were prepared. The volume of each sample was calculated after measuring its dimensions using a pair of vernier callipers. Bending tests were carried out using an Instron Tensile Testing machine (JJ-T5002). Points were at a distance of 5 cm from each 
other. A displacement sensor [Linear Variable Dierential
Transformer (LVDT)-Sensorex SX9] was placed on the surface, at the centre of the sample, and used to measure displacement of the wood specimen during bending (Fig. 2 ). When samples were tested, the face on which the load was applied was noted, i.e. radial or tangential, and bending was carried out at a crosshead speed of 10 mm s À1 . Equivalent longitudinal modulus of elasticity was calculated using standard engineering theory (Timoshenko, 1968) :
where E is the longitudinal modulus of elasticity (Nmm À2 or MPa), F is the force applied (N), b is the diameter of the sample (mm), h is the height of the sample (mm), d is the distance between the ®rst and second points of loading (mm), L is the distance between the centre of the LVDT and the second point of loading (mm) and v(o) is the displacement of the centre of the sample (mm). Dierences in mechanical behaviour of samples from dierent regions around the trunk were determined using analysis of variance. All values are mean + s.e.
RESULTS
Nearly all the trees were leaning away from the wind direction, towards an azimuth of 1158; three trees were leaning perpendicular to the wind direction, and in four of the trees the angle of lean was too slight to be measured using this system, therefore the trees were counted as straight'. At the base of the tree, the stem was found to lean at an angle of 12 . 1 + 2 . 68, while at DBH, the angle of lean was 9 . 3 + 1 . 88. Further up the tree, at 5 . 0 m, the trees were not inclined. Most eccentric growth occurred underneath the direction of lean or towards an azimuth of 1158 (direction of prevailing wind). Although not measured, reaction wood was observed on the compressed side in CSs of leaning trees.
Longitudinal distribution of heartwood
The proportion of HW increased progressively from the base of the trunk, where it accounted for 19 % of the CS surface area, to DBH, where HW made up 24 % of the CS; and at a height of 5 m, 26 % of SW was transformed into HW (Table 1, Fig. 3 ). From DBH upwards, the proportion of HW gradually decreased, until it was non-existent at the base of the live crown.
Radial distribution of heartwood
The number of growth rings transformed into HW was variable around the trunk and between trees (Figs 3 and  4) . As shown by , signi®cantly more annual rings were transformed on the leaning or leeward side (45 %) of the tree than on the opposite side or perpendicular to it (27 %) ( Fig. 4, F 19 . 6, P 5 0 . 001). The extension of HW into the SW zone was signi®cantly correlated to SW eccentricity on the side of the tree held in compression during wind sway/lean y À1Á433x 0Á818Y R 2 0Á66Y P 0Á003, where y is the SW eccentricity and x is the HW extension). FIG. 3. Longitudinal distribution of heart-and sapwood in a 52-yearold P. pinaster tree. More growth rings are transformed into heartwood on the compressed side of a wind-stressed tree (angle of lean 08, but the tree showed eccentric stem growth), compared to that on the opposite side of the tree, held in tension. Measurements of heart-and sapwood distribution were taken every 10 cm up to DBH (dotted line), and then every 2 m.
Relationship between the surface area of the crown and that of the sapwood (Pipe Model Theory)
When all trees were considered together, the relationship between the surface area of SW and the crown was highly signi®cant at the base of the trunk, at DBH, and at 5 m high (Fig. 5) . At the base of the trunk there was a greater proportion of sapwood basal area with an equal amount of foliage surface area compared to further up the trunk. When leaning trees only were considered, regressions were still highly signi®cant, even more so at the base of the trunk and at DBH (Fig. 6) .
Mechanical tests
Mean E for the SW was slightly higher (8 . 1 + 0 . 4 GPa) than that for HW (7 . 1 + 0 . 4 GPa), although the dierence was not signi®cant. No signi®cant dierence in E was found when samples loaded on the radial face were compared to those loaded on the tangential face, for both SW and HW. However, E was found to be signi®cantly lower in both HW and SW samples from the compressed side of the trunk, compared to samples taken from other regions in the stem (Table 2) .
DISCUSSION
The longitudinal distribution of HW was found to vary slightly depending on distance along the trunk. The proportion of HW at 0 and 1 . 3 m was approx. 20 % of the total surface area of the cross-section, while it was 26 % at a height of 5 m. This ®nding con®rmed the results of who found that in the same stand, and for trees of the same age, there was a signi®cantly smaller proportion of HW at the base of the trunk than at 2 . 5 m and even at 5 m. Measurements were not taken at 2 . 5 m; therefore, it is possible that a signi®cant 4 500 000
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FIG. 6. Relationship between surface area of sapwood and foliage in P. pinaster for leaning trees only. Triangles and dashed line represent sapwood surface area at the base of the trunk y 168Á5x 168796Y R 2 0Á99Y P 5 0Á003; diamonds and complete line represent sapwood surface area at DBH y 263Á0x 144848Y R 2 0Á98, P 5 0Á008 and circles and dotted line, the sapwood surface area at a height of 5 m up the trunk y 281x 79587Y R 2 0Á92, P 0Á038. dierence may also exist at this height in the trees measured in this study. proposed that the increase in SW area at the base of the trunk was due to a decrease in hydraulic conductivity, as cells in this zone are likely to have smaller lumens and thicker cell walls (Gartner, 1991) . Radial distribution of HW around the stem was highly irregular, depending on the direction in which measurements were taken. A greater number of growth rings were transformed into HW (45 %) on the side of the tree held in compression during wind sway/lean compared to the other sides (27 %). HW extension on the compressed side of the tree was signi®cantly related to cross-section eccentricity. These results con®rm those of , who proposed several theories concerning the function of such irregular HW. One hypothesis tested in this paper was that HW contributes to the bending stiness of the tree in the compressed zone. However, results showed that the longitudinal E of adult HW and SW of Maritime pine was not signi®cantly dierent, therefore HW does not contribute speci®cally to the bending stiness of leaning or windstressed trees. In order for HW to compensate for the fact that it is made up of a large quantity of juvenile wood, which has a low E (Dumail, 1999) , and is situated near the neutral axis of the trunk, the E of HW would need to be much higher than that of the SW (Mencuccini et al., 1997; Niklas, 1997a,b) . Niklas (1997a,b) found that values for E were slightly higher in the HW of Black locust, compared to the SW; thus may be due to the fact that, in angiosperms, more extractives are produced during the transformation of SW to HW, and that tyloses may frequently form in the vessels (Hillis, 1987) , thus increasing density, and hence wood strength. Relatively fewer changes occur in the transformation of SW to HW in Maritime pine (Gachet et al., 2000) , therefore accounting for the fact that E did not increase in HW. However, values of E for wood from the compressed side of leaning trees were signi®cantly lower than those from other regions around the trunk. Compression wood was seen in these zones, and it is well documented that compression wood has a lower E than that of normal wood due to its microstructure (Timell, 1987) .
A second hypothesis proposed by concerning the formation of irregular HW, was that it is a process regulated internally within the tree to maintain an optimal and constant proportion of SW around the trunk. This proportion of SW would thus be related to the surface area of the crown foliage, and regulated so that`waste' or super¯uous SW is transformed into HW, which is less costly for the tree to maintain. The application of the Pipe Model Theory (Shinozaki et al., 1964a,b) to trees with irregular and eccentric HW formation con®rmed that a strong relationship does indeed exist between the surface area of SW and that of the crown foliage. It can be seen that a strong link exists between the production of foliage and the senescence of SW, although whether SW production governs foliage biomass, or vice versa is not yet known.
Recently, several studies have proposed that formation of HW is a process regulated internally within the tree, rather than a passive state whereby sapwood simply becomes dysfunctional due to age. It has been shown that polyphenols and¯avonoids, responsible for the durability of HW, and which are implicated in the HW formation process, are synthesized in situ in the transition zone, and are not transported from the cambium to the HW. Genes are expressed for the production of these compounds at speci®c times of the year; however, the signal switching on this mechanism is not yet known (Beritognolo et al., 2000) . Sperry et al. (1991) showed that there was a selective embolizing of older vessels in Populus tremuloides Michx., due to a degradation of the pit membrane, thus leading to HW formation. However, this degradation of the pit membrane was not a function of age because it occurred after 1 year in vigorously-growing branches, but was much delayed in slower-growing branches. Sperry et al. (1991) therefore suggested that it is the immediate physiological environment of the xylem which governs pit degradation, but the mechanism by which this occurs is not known. It is possible that wear and tear of the pit membrane is caused by repetitive mechanical loading of the trunk and branches, as mechanical perturbation has recently been found to decrease sap¯ow within a tree stem, thereby having implications for embolism formation . Sap¯ow has also been found to be lower in the regions of branches containing compression wood (Spicer and Gartner, 1998) , which may be an additional factor contributing to early cell dysfunction, and hence HW formation. Both mechanical action and compression wood formation may lead to the production of ethylene, a gas implicated in both the process of HW formation (Hillis, 1987) and the adaptive growth response of plants to mechanical loading. In mechanically perturbed plants, levels of ethylene increase, prohibiting longitudinal growth and promoting radial growth (Telewski, 1990) . Ethylene may be involved in the expression of certain genes implicated in HW formation, but further studies need to be carried out to con®rm this hypothesis (Gachet et al., 2000) .
It appears that in Maritime pine the heartwood that forms irregularly and in greater quantities on the compressed sides of leaning or wind-stressed trees does not serve a mechanical function by increasing the bending stiness of the trunk. However, as there is a distinct relationship between the surface area of the sapwood and that of the crown foliage, heartwood formation appears to be regulated internally within the tree. Such a mechanism would allow the tree to maintain a constant and optimal sapwood surface area, an important criterion for survival in a species often subjected to severe drought for long periods.
